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I N T R O D U C T I O N
Velocity tuning is an essential component of image processing in many visual areas (Chalupa and Rhoades 1977; Cheng et al. 1994; Goodwin and Henry 1978; Hamasaki and Cohen 1977; Hess and Wolters 1979; Maunsell and Van Essen 1983; Movshon 1975; Orban et al. 1981; Stein and Dixon 1979; Tiao and Blakemore 1976 ), yet the underlying neural mechanism remains unclear (Liu and Newsome 2003) . We have used the hamster retinocollicular system in our approach to understanding velocity tuning because of its advantages as a model system. The superior colliculus (SC) is an essential component in the motion processing and gaze-control pathway of all vertebrates. Its connectivity, circuitry, and response properties have been well described in rodents, cats, and monkeys (Huerta and Harting 1984; McIlwain 1991; Sparks 1999; Wallace et al. 1998; Wurtz and Optican 1994) . Furthermore, the hamster SC provides an ideal system in which to investigate the development and plasticity of receptive field properties because hamster pups are born at a very early stage of brain development.
Velocity tuning could arise from feed-forward connections or from intrinsic circuitry within the target region (for review see Ferster and Miller 2000; Shapley et al. 2003) . The relative contributions of these circuit components to velocity tuning in the superior colliculus are not known. The hamster retinocollicular system is uniquely suited for addressing this question because both feed-forward excitatory convergence and lateral inhibition can be manipulated independently. In a previous study we demonstrated that experimentally increasing the excitatory convergence of retinal ganglion cells onto SC neurons through postnatal blockade of N-methyl-D-aspartate (NMDA) receptors had no effect on velocity tuning, despite increases in receptive field (RF) size . This finding suggests that the feed-forward connectivity pattern does not play a significant role in shaping velocity tuning of SC neurons. Thus in this study we tested the alternate hypothesis that surround inhibition plays a prominent role in shaping velocity tuning in the SC.
Previous studies have shown that surround inhibition can contribute to velocity tuning in visual cortex (Goodwin and Henry 1978; Patel and Sillito 1978) . Masking inhibitory areas of the RF resulted in increased responses to rapidly moving stimuli, suggesting that inhibition was specifically involved with suppressing responses to rapidly moving stimuli (Goodwin and Henry 1978) . Duration selectivity can also underlie selectivity for slowly moving stimuli (Duysens et al. 1985a,b) . If a neuron does not respond to a stationary flashed stimulus of short duration, it is unlikely to respond to rapidly moving stimuli (Orban et al. 1985a,b) , and preference for sustained stimuli can result in apparent tuning to slowly moving stimuli that remain in the RF for a sufficient time. The main goal of the present study was to determine whether and how surround inhibition contributes to velocity selectivity in the SC.
Single-unit extracellular recordings of neurons in superficial SC in anesthetized hamsters were made with and without occlusion of the nasal or temporal flanks of the inhibitory RF surround during presentation of a horizontally moving light stimulus. We found that masking the surround altered velocity tuning in most SC neurons. Surround inhibition was absent in the remaining neurons, and these instead exhibited duration sensitivity. Taken together with our previous findings (Huang and Pallas 2001; , these results suggest that velocity tuning in the SC depends more on inhibitory circuitry than on the degree of feed-forward afferent convergence. An understanding of the contribution of inhibition to velocity tuning in the hamster SC, a model system well suited for developmental studies, will facilitate studies of the mechanisms underlying recovery from early brain damage or manipulations of sensory experience.
Surgical procedures
Electrophysiological recordings were obtained from adult hamsters (Ն3 mo of age) after anesthetization with urethane (0.7 g/ml, 0.03 ml/kg administered intraperitoneally in three to four aliquots spaced at 20-min intervals). Pupils were dilated and accommodation was paralyzed with a 10% ophthalmic atropine solution. Respiration rates and withdrawal reflexes were monitored to ensure a deep level of anesthesia appropriate for surgery, with supplemental doses of urethane given as warranted. After performing a craniotomy over the SC, the visual cortex was aspirated to facilitate viewing the surface of the SC for electrode placement. In all experiments reported here, compensatory responses in the SC were highly unlikely because visual cortex was ablated acutely. We contend that the decorticate preparation does not affect the interpretation of this study for four reasons. First, in hamsters, Rhoades and Chalupa (1978a) showed that only 31% of SC neurons were influenced by ipsilateral cortical stimulation. Second, in rodents, the influence of descending cortical connections on SC response properties is minimal (Fortin et al. 1999; Rhoades and Chalupa 1978a) . The removal of cortex has been reported in previous studies to affect only direction selectivity of SC neurons, and not velocity tuning (Rhoades and Chalupa 1978b) . The same has been reported in cats (Wickelgren and Sterling 1969) and rabbits (Graham et al. 1982) . Third, velocity tuning in decorticate hamster SC ) is similar to that found in intact hamster SC (Chalupa and Rhoades 1977; Stein and Dixon 1979) . Fourth, acute ablation of cortical input does not affect surround inhibition of SC neurons (Wickelgren and Sterling 1969) . The decortication used in this and our previous studies thus will not influence the interpretation of our results with respect to velocity tuning in intact hamster SC. The decorticate SC preparation was, however, essential to compare normal velocitytuning mechanisms with results from our previous developmental studies using chronic blockade of NMDA receptors or ablation of caudal SC (Pallas and Finlay 1989; .
To maintain eye position during the recording session without paralysis, the conjunctivum was stabilized with 6 -0 silk suture anchored to the nose clamp. The optic disk was replotted after every electrode pass to confirm that eye position remained stable, which in hamsters is typically not a concern (Pallas and Finlay 1989). The eye was covered with a fitted plano contact lens for protection during the recording session, and the brain was kept covered with sterile saline.
Visual stimulation and electrophysiological recording
All of the single units recorded in this study had their RF centered within Ϯ15°of the optic disk and were isolated within 200 m of the SC surface, consistent with previous studies (Huang and Pallas 2001; . Tungsten microelectrodes (1-3 M⍀; FHC, Bowdoinham, ME) were lowered perpendicular to the surface of the SC to isolate visually responsive cells in the retino-recipient superficial gray layer of the right SC. The approximate location of the excitatory receptive field (eRF) and the preferred stimulus velocity were determined, and a 14-in. computer monitor was moved to the location of the eRF at a distance of 40 cm from the left eye. A Sergeant Pepper graphics board (Number Nine, Cambridge, MA) was used in conjunction with "STIM " software (kindly provided by Kaare Christian) to generate visual stimuli. Data were acquired by CED 1401 hardware and processed by Spike2 software (Cambridge Electronic Design, Cambridge, UK).
Superior colliculus neurons of many species prefer small, slowly moving spots (Pallas and Finlay 1989; Rhoades and Chalupa 1978a; Stein and Dixon 1979; Tiao and Blakemore 1976) and respond poorly to gratings or rapidly moving stimuli (Ͼ45°/s). The eRF diameter of each neuron was determined by sweeping a single spot of light (1°diameter) from the top to the bottom of the computer monitor screen (Fig. 1A) . Successive sweeps started 2°lateral to the previous sweep, allowing a determination of the nasotemporal extent of the eRF. The light spot was swept at either 5 or 30°/s velocity, depending on whether the neuron responded better to slowly or rapidly moving stimuli. The estimated RF size did not change with the velocity of the stimulus used.
To determine the extent of the inhibitory surround, two spots of light (each 1°in diameter) were swept from the top to the bottom of the monitor screen (Fig. 1A) . During each successive sweep, the second spot of light started 2.6°further away from the previous location, whereas the first spot was swept simultaneously through the center of the eRF. This allowed us to determine the spatial extent and strength of inhibition of the response to the first spot as caused by the second spot. The time interval between each sweep was set at 10 s to avoid adaptation. Each stimulus pair was repeated three to seven FIG. 1. Schematic of the inhibitory surround masking protocol. A: horizontal extent of the excitatory receptive field (eRF) was determined by sweeping a 1°s pot of light vertically from the top to the bottom of the monitor screen at horizontal interstimulus distances of 2°. Horizontal extent and strength of the inhibitory surround were determined by simultaneously sweeping two small (1°) spots of light vertically. While one spot moved through the center of the eRF at every sweep, the position of the second spot was incremented in steps of 2.6°to either side of the eRF center. Strength of surround inhibition was defined as the amount of reduction in the response to the center spot resulting from the presence of the second spot. B: velocity tuning was determined by sweeping a spot of light horizontally in a temporal-to-nasal direction through the inhibitory and the excitatory RF. Terms temporal surround (TS) and nasal surround (NS) are used to describe the surround locations relative to the nose of the animal. TS refers to surround locations on the side of the RF distal to the nose, whereas NS refers to the surround locations on the side of the RF proximal to the nose. In the unmasked condition, the hamster viewed the spot of light moving through the entire horizontal extent of the monitor. C and D: in the masking conditions, stimulus movement through either the TS or the NS was obscured from the animal's view using an opaque barrier.
times. Responses in SC are highly reliable and vary little over time, in contrast to cortical responses. We chose not to use a light spot with progressively increasing diameter to determine surround inhibition (as in e.g. Binns and Salt 1997) because most SC neurons are selective for stimulus size and will decrease their response to a larger stimulus even if it lies entirely within their excitatory RF (Pallas and Finlay 1989; Stein and Dixon 1979) .
Determination of velocity selectivity
Neural selectivity for stimulus velocity was determined by sweeping a 2.5°diameter spot of light at 5 to 45°/s increasing at 5°/s intervals. For most of the experiments in this study, the direction of stimulus sweep was temporal to nasal (Fig. 1B) . In a few cases we also measured responses to nasotemporally swept stimuli. The choice of stimulus velocities used was guided by previous results showing that the majority of hamster SC neurons are selective for slowly moving (Յ10°/s) stimuli (Chalupa and Rhoades 1977; Pallas and Finlay 1989; Stein and Dixon 1979; Tiao and Blakemore 1976) . Each stimulus set was usually repeated at least five times, although fewer trials were collected in some cases where a large number of tests were being done on the neuron. In all cases, the responses were quite consistent, as reflected in the small error bars when between trial comparisons were made.
Neurons were categorized as low-pass (LP), band-pass (BP), highpass (HP), or nonselective (NS) . A neuron was defined as low-pass if its response to a stimulus moving between 5 and 15°/s was at least twice that of the least-preferred stimulus. High-pass neurons were those that responded best to stimuli moving faster than 25°/s, and that responded at Ͻ50% of their maximum to the lowest velocity tested, 5°/s. Neurons in the band-pass category responded best to an intermediate velocity, with responses falling below 50% of their maximum at the lowest and the highest velocities tested. Lowpass neurons generally did not respond better to stationary stimuli but the response of high-pass neurons would be expected to decline with stimuli faster than 45°/s (Chalupa and Rhoades 1977) . Nonselective neurons by definition responded at Ͼ50% of maximum at all velocities tested.
Determination of mechanisms of velocity tuning
To determine whether suppression from the inhibitory surround contributes to stimulus velocity tuning in the hamster retinocollicular pathway, an opaque barrier was used to mask various parts of the surround (Fig. 1, C and D) . In this study, a masking paradigm was used instead of local pharmacological manipulation of ␥-aminobutyric acid (GABA) receptors because we were specifically interested in analyzing the contribution of surround inhibition, and not within-field inhibition, to velocity tuning. The terms temporal surround (TS) and nasal surround (NS) are used to describe the surround locations relative to the nose of the animal. TS refers to surround locations on the side of the RF distal to the nose, whereas NS refers to the surround locations on the side of the RF proximal to the nose. The mask was positioned to cover the TS or NS up to the edge of the eRF. Velocity tuning was then determined as above with either the NS or the TS masked. Velocity tuning was determined again after removal of the masks to ensure that the effects of masking were temporary and attributable to the masks alone.
Determination of stimulus duration selectivity
After determination of the role of surround inhibition in each neuron's velocity-tuning profile, its selectivity for stimulus duration was determined. A stationary light spot of 2.5°diameter was flashed for different durations in the center of the eRF. Almost all SC neurons in the hamster respond to both the onset and the offset of flashed stimuli. In this study, only the stimulus ON duration was manipulated.
Therefore the ON response of the neuron to 15 successive flashes was averaged for analysis of flash duration selectivity. In most cases four durations (1 s and 500, 200, and 100 ms) were tested. In a few neurons an additional duration (50 ms) was also tested. During the initial stages of this study, a 2-s interstimulus interval was used for the 1-s stimulus duration and a 1-s interstimulus interval was used for the shorter stimulus durations. We were concerned that this difference in interstimulus interval could cause differences in neural adaptation, and thus the interstimulus interval was changed to 2 s for all stimulus durations. Data using both presentation rates were combined because no significant differences were observed in the results. The time interval between the first and last action potentials evoked by the onset of a 1-s stationary stimulus was used as a measure of response duration.
Data analysis
We chose to use spike counts as a measure of neuronal selectivity for velocity. Velocity selectivity of neurons can also be measured using spike rate (cf. Movshon 1975) . In the time-independent spike count method that we used, all of the spikes evoked by stimulus movement through the RF were counted regardless of the time spent by the stimulus within the RF (see Barlow et al. 1964 ). In the spike rate, space-independent method, the peak firing frequency is measured (Waleszczyk et al. 1999) . The peak firing typically occurs while the stimulus traverses the center of the RF. However, our initial experiments suggested that the contribution of inhibition to velocity tuning was not flat across the RF, and the effect of masking was to enhance the response nearer to the edges of the RF, not at RF locations with maximal firing. In several neurons, when surround inhibition was masked, the response to a moving stimulus was initiated earlier than when the mask was absent. Moreover, the location of response enhancement was dependent on whether the neuron was low-pass, band-pass, or high-pass tuned. Because of the lack of spontaneous activity in superficial SC neurons in anesthetized adult hamsters (Huang and Pallas 2001) , and the long interstimulus intervals used in this study, it was possible to measure accurately the number of stimulus-evoked responses at each velocity without recourse to subtraction of background activity. With the space-independent method, if we had used spike rate at the center of the RF as a metric, the role of inhibition in velocity tuning would have been missed. One potential issue with using the time-independent method is the effect of duration of a stimulus within the RF on response level. The flash-durationsensitivity data, however, allowed us to distinguish between velocity tuning that arises from inhibition and the apparent low-velocity tuning that arises from duration selectivity. Moreover, the distribution of preferred velocities in our studies (Huang and Pallas 2001; Pallas and Finlay 1989; ; this study) agrees closely with that of others using a spike rate measurement method in the hamster SC (Chalupa and Rhoades 1977; Stein and Dixon 1979) , suggesting that spike count and spike rate measures produce similar results. We also estimated velocity tuning using peak firing rate in 51 neurons recorded. Neurons that were not duration selective showed similar velocity-tuning profiles regardless of whether spike count or peak firing rate estimates were used. For example, the neuron shown in Fig.  2 , A and B responded weakly to rapidly moving stimuli. This neuron's velocity-tuning profile was similar regardless of whether peak rate ( Fig. 2A ) or spike count ( Fig. 2B ) was used to measure response magnitude. The neuron shown in Fig. 2 , C and D preferred rapidly moving stimuli and its tuning profile was similar for both methods. Many duration-selective neurons did show different velocity selectivity for different methods of counting. Spike count estimates may not accurately reflect velocity tuning in these neurons. Therefore the mechanisms of velocity tuning are discussed only for neurons that were nonselective for stimulus duration.
To determine whether physical masking of the inhibitory surround had any effect on velocity tuning in the SC, responses at each velocity in the control and masked conditions were statistically compared using a two-way ANOVA, with a Tukey test for post hoc, pairwise comparisons. For comparison of properties across the recorded population of neurons, regardless of the response magnitude in any particular neuron, normalized curves were constructed by dividing the response at each velocity by the response to the preferred velocity. To determine the temporal characteristics of the responses to flashed stimuli, both peristimulus time histograms (PSTHs) and raster plots were constructed from the raw data using the Spike2 software. A t-test was used to determine whether differences existed in the mean response durations for the 1-s stimulus flashes across the various categories of velocity tuning. In all of the figures, variability of responses across stimulus repetitions is depicted as Ϯ SE.
R E S U L T S
We present results from single-unit extracellular recordings of 66 neurons from the superficial gray layer of the SC assessed for velocity sensitivity and surround inhibition (Table 1) . With a stimulus passing from temporal to nasal locations across the center of the RF, 64 of the 66 neurons were found to respond differentially to different stimulus velocities in the range of 5 to 45°/s. The majority of the neurons (38/64) responded best to slowly moving stimuli (defined as low-pass neurons), 14 responded best to rapidly moving stimuli (high pass), and 12 responded best to intermediate velocities (band-pass) . This distribution of velocity sensitivity across the population of SC neurons is similar to that found previously in hamsters (Chalupa and Rhoades 1977; Huang and Pallas 2001; Pallas and Finlay 1989; Tiao and Blakemore 1976) and in frogs and fish (for review see Ewert 1974; Vanegas 1984) .
The detailed geometry of the suppressive surround was determined in each of the 66 neurons using dual stimuli. One stimulus was swept across the center of the excitatory receptive field (eRF) as a second, simultaneous stimulus was swept at progressively greater distances from the first at 2.6°intervals ( Fig. 1 ; see METHODS). In 43 of the 66 neurons assessed (65%), surround inhibition was found to be present and declined progressively as the second stimulus was swept at increasing distances from the edge of the eRF. Surround inhibition in this population was either spatially symmetric (26/43 neurons) or asymmetric (17/43 neurons). In the 17 neurons with an asymmetric surround, mapping with the dual stimuli revealed asymmetries in the strength of surround inhibition between the nasal (NS) and temporal (TS) surround. All were more strongly inhibited by stimuli in the NS than in the TS (Fig. 3 , A, C, and E) (two-way ANOVA, Tukey test for post hoc, pairwise comparisons of similar locations on either side of the eRF, *P Ͻ 0.05). In the other 23/66 (35%) neurons, little to no surround suppression was revealed by the dual-stimulation procedure. These results suggested that two populations of SC neurons exist, one with a suppressive surround and one without.
Spatially asymmetric surround inhibition contributes to low-pass velocity tuning
The contribution of surround inhibition to the velocity selectivity of each neuron was determined by recording the Each value represents the number of neurons (from a total of 66) with the indicated combinations of surround inhibition and velocity tuning profiles. Low/high/band-pass and nonselective are the designations for the velocity tuning profiles, whereas symmetric, asymmetric, and absent describe the surround inhibition characteristics.
response to a single stimulus moving at varying velocities in the temporonasal direction, with and without masking the nasal or temporal flank of the receptive field surround (Fig. 1) . We found that all 17 neurons with spatially asymmetric surround inhibition were selective for slowly moving stimuli (LP selective, e.g., Fig. 3 , B, D, and F, unmasked). Surround inhibition clearly contributed to the velocity tuning in these neurons. Masking the nasal flank of the RF (NS), thus causing the temporonasally directed stimulus to disappear at the far edge of the eRF, resulted in an improved response of the neurons to higher-velocity stimuli, thus reducing their selectivity for lowvelocity stimuli (Fig. 3, B , D, and F, NS masked). We refer to these neurons as low-pass/inhibition (LP/I) neurons. In 82.3% of these LP/I neurons (14/17), only NS masking and not TS masking affected velocity tuning (two-way ANOVA, Tukey test for post hoc, pairwise comparison at velocities between 10 and 45°/s). The responses with TS masking were similar to those in the unmasked condition for these 14 neurons (Fig. 3 , B, D, and F, TS masked). Masking the NS or TS had no effect when stimuli were moved in the nasotemporal direction (n ϭ 3). The NS masking-induced increase in response level at higher stimulus velocities argues that inhibition from the NS contributed to velocity tuning in the class of neurons represented in Fig. 3 by suppressing responses to more rapidly moving stimuli. Their responses to slowly moving stimuli were still considerably higher than their responses to rapidly moving stimuli, however, suggesting that asymmetric inhibition plays an important, but not exclusive, role in shaping low-pass velocity tuning in SC neurons.
LP/I neurons respond phasically and are not selective for stimulus duration
In 54 of the 66 neurons, stimulus-duration selectivity was also measured to explore the possibility that sensitivity to slowly moving stimuli could result from a preference to longduration stimuli rather than movement (a slowly moving stimulus spends more time in the eRF than a rapidly moving stimulus). To assess duration sensitivity, the response to a stationary stimulus of varying duration was measured. The responses of most LP/I neurons (13/17) were independent of the duration of a stationary flash stimulus (e.g., Fig. 4, A-C) . FIG. 3. Asymmetric inhibition from the NS contributes to low-pass velocity tuning. Data from 3 representative neurons are shown. A: spatial structure of the receptive field in a single, representative low-pass velocity tuned neuron. Horizontal extent of the eRF, determined as described in Fig. 1 , is depicted by the black rectangle. Surround inhibition was measured by comparing the response to a single spot swept through the center of the eRF to the response to 2 spots of light (see METHODS and Fig. 1 ). y-axis shows the response to both spots of light as normalized to the response to the central spot (dashed line); x-axis shows the distance of the second spot from the first in the horizontal plane, with 0°as the center of the eRF, positive values nasal and negative values temporal in location. This neuron had an eRF diameter of 6°and an asymmetrically shaped inhibitory surround. Asterisks indicate surround locations where inhibition within the NS was significantly stronger than that within the TS (P Ͻ 0.05). B: an opaque barrier was used to occlude either the TS or the NS to determine the contribution of that portion of the inhibitory surround to velocity tuning. Masking the NS enhanced the neural response to all velocities except the preferred velocity (5°/s) (*P Ͻ 0.05). Masking the TS had no significant effect on velocity tuning (P Ͼ 0.05 at all velocities). C: this neuron had an eRF of 8°and an asymmetric inhibitory surround. D: masking the NS caused the neuron to respond better to more rapidly moving stimuli compared with the unmasked condition (*P Ͻ 0.05). Masking the TS had no significant effect on velocity tuning (P Ͼ 0.05 at all velocities). E and F: another example of a low-pass velocity-tuned neuron with a strongly asymmetric inhibitory surround and a loss of velocity tuning after masking of the NS, but not the TS.
These results are consistent with the contention that velocity tuning in the LP/I neurons results primarily from asymmetries in surround suppression. Insensitivity to stimulus duration might be expected to result from a failure to respond tonically to prolonged stimulation. Indeed, we found that LP/I neurons responded phasically at stimulus onset. In raster and PSTH plots from representative LP/I neurons (Fig. 4, D-F) , the onset response to stationary stimuli was dominated by the phasic component, with no additional response until the offset of the stimulus. Taken together, these results suggest that the absence of tonic responses in the continued presence of a stimulus underlies the poor stimulus-duration sensitivity of these neurons, and that when surround inhibition is masked, they are capable of responding well to rapidly moving stimuli. These results provide further evidence that surround inhibition shapes low-pass velocity tuning by suppressing excitation that otherwise would be elicited by rapidly moving stimuli.
Surround inhibition is absent in some SC neurons
Surround inhibition was absent in 23/66 SC neurons. If surround inhibition is necessary for velocity sensitivity, then this group of neurons should be insensitive to velocity, although this was not the case. As shown with the two representative neurons in Fig. 5 , no detectable surround inhibition was present (Fig. 5, A and C) . Placing a mask just outside of the eRF did not alter the overall response to stimuli moving at different velocities, suggesting that delayed or advanced inhibition was not present in the surround of these neurons (Fig. 5,  B and D) . Nonetheless 21 of 23 neurons in this population of neurons exhibited LP velocity sensitivity. It is possible that inhibition in the surround cannot be produced in this neuron type by the simultaneous center and surround stimulation used here. Changing the temporal intervals between presentations of the two spots might reveal inhibition (Dawis et al. 1984) .
Neurons without surround inhibition exhibit stimulusduration selectivity and longer-duration responses
Neurons without surround inhibition were sensitive to the duration of stationary, flashed stimuli (Fig. 6) , and are thus referred to as duration selective (DS). In contrast to the LP/I neurons, responses of the majority of DS neurons (18/23) to the shortest duration stimuli were significantly lower (P Ͻ 0.05) than at the longest-duration stimuli tested (1 s) (Fig. 6, A-C) . This dependency of response magnitude on stimulus duration could produce an apparent selectivity for slowly moving stimuli, as observed in 21/23 of the neurons without surround inhibition. These neurons might thus be described as stimulusduration coders. Although surround inhibition clearly does not play a role in velocity tuning in these neurons, it is not clear from the methods used here whether they exhibit true velocity tuning as well as duration selectivity. Neurons would be designated duration selective if their response duration, in addition to their total response magnitude, depended on stimulus duration. An important corollary is that these neurons should have relatively tonic rather than phasic responses. PSTHs and raster plots of responses to 1-s-duration, flashed stimuli reveal that the responses of duration selective (DS) neurons are relatively tonic and longer lasting than in the LP/I neurons (Fig. 6, D-F) . The representative neurons shown in Fig. 6 responded strongly to the onset of the flash, and continued to respond for Ն600 ms after stimulus onset. This response pattern causes them to respond better to slowly moving stimuli than to rapidly moving stimuli.
Taken together, these data show that neurons with surround inhibition tend to have phasic discharges to a flashed stimulus and poor duration selectivity. These neurons respond best to slow stimuli because their responsiveness to fast stimuli is reduced by inhibition from the surround. Conversely, neurons without surround inhibition tend to have tonic discharges to flashed stimuli and strongly prefer longer duration stimuli. Because of this they are unable to respond to rapidly moving stimuli that occupy the RF for only a short time.
The pooled data in Fig. 7 , show that in LP/I neurons, the surround inhibition was significantly stronger in the NS than in the TS (Fig. 7A) . In the neurons that were unaffected by masking, surround inhibition was weak or absent. Significant reductions in velocity selectivity were observed when the nasal but not the temporal surround was masked (Fig. 7B ). This asymmetry in the masking effect suggests that inhibition arising after the stimulus crosses the eRF suppresses responses to rapidly moving stimuli in a backward-masking fashion. Neurons without significant surround inhibition were strongly selective for stimulus duration as a population (Fig. 7C) . In contrast, the LP/I neurons showed little to no sensitivity for duration. A comparison between the two types of neurons (LP/I and duration-sensitive groups) showed that normalized response magnitude at the shorter stimulus durations (100 and 200 ms) was significantly different (two-way ANOVA, Tukey test for all post hoc pairwise comparisons, *P Ͻ 0.05). The duration of neural responses to stimulus onset correlated with the presence or absence of surround inhibition, and thus the mechanism underlying differences in responsiveness to rapidly versus slowly moving stimuli. The ON response of DS neurons to 1-s flashed stimuli was significantly longer in DS than in LP/I neurons (mean Ϯ SE: DS, 349.2 Ϯ 26.26 ms; LP/I, 105.4 Ϯ 12.97 ms, P Ͻ 0.001; distribution of response durations shown in Fig. 7D ). Thus as a population, LP/I and DS neurons differed not only in their duration selectivity, but also in whether surround inhibition was present and in their response duration, suggesting that they belong to different neuronal classes.
If asymmetries in surround inhibition contribute to velocity tuning in LP/I neurons, then selectivity should be higher for stimuli moving in the temporonasal direction than in the nasotemporal direction. No such difference should exist for DS neurons. We were able to completely assess stimulus velocity tuning in both stimulus sweep directions in nine DS and four LP/I neurons (Fig. 8) . As predicted, velocity tuning in DS neurons was similar for both movement directions (Fig. 8A) . In contrast, in the LP/I neurons, the response to rapidly moving FIG. 5. In neurons with no inhibitory surround, velocity tuning was unaffected by masking. A: neuron with no detectable surround inhibition. Response of this neuron to a second spot of light outside the eRF was not different from the response to a single spot of light. B: placing the opaque barrier at the edge of the excitatory RF on either the NS or the TS had no significant effect on velocity tuning in the neuron shown in A. C: in a second representative example, again no detectable inhibition was present outside the eRF. D: placing the mask at the nasal, the temporal, or on both sides of the eRF had no significant effect on its velocity tuning. stimuli was more effectively suppressed when the stimulus moved in the temporonasal direction than in the opposite direction (Fig. 8B) . The difference reached statistical significance for the two highest velocities, even in this small sample.
Spatially symmetric surround inhibition underlies velocity tuning in high-pass and band-pass velocity-tuned neurons
Neurons selective for slowly moving stimuli were in the majority in the superficial gray layer of the SC, but we were able to isolate a substantial number of neurons that preferred more rapidly moving stimuli. All of the neurons with high-pass and band-pass velocity tuning exhibited surround inhibition to some degree. In the two HP neuron examples shown (Fig. 9, A  and C) , the response to a center spot of light was reduced by Ն30% when a second spot of light was swept within either the TS or the NS. Unlike the LP/I neurons, HP and BP neurons had inhibition on both sides of the eRF when tested with the dual-stimulus configuration (Fig. 1A) .
Masking the inhibitory surround altered velocity tuning in 79% (11/14) of high-pass neurons and 83% (10/12) of bandpass neurons, suggesting that the surround is important in shaping velocity tuning in the majority of these neurons. In the unmasked condition, neurons responded poorly to velocities Ͻ10°/s (Fig. 9, B and D) . Masking revealed asymmetries in the organization of surround inhibition. When the TS was masked, the neurons were rendered completely nonselective to velocity, as a result of increased responses at lower, nonpreferred velocities (two-way ANOVA, Tukey test for post hoc pairwise comparisons at velocities between 5 and 10°/s in B and 5 to 30°/s in D, *P Ͻ 0.05). In contrast, masking the NS had no effect.
The effect of masking on velocity tuning in BP neurons was similar to that seen in HP neurons. In band-pass neurons, as in HP neurons, the responses to a moving spot of light were reduced by adding a second spot of light on either side of the eRF (Fig. 10, A and C) . In the unmasked condition, the responses to a spot moving at 5 or Ͼ30°/s velocity were low (Fig. 10, B and D) . When the TS was masked the responses to slowly moving stimuli were significantly enhanced (two-way ANOVA, Tukey test for post hoc pairwise comparisons, *P Ͻ 0.05), giving these neurons a low-pass appearance under TS masking. The responses to rapidly moving stimuli were not significantly altered by TS masking. Masking the NS had no FIG. 6. Low-pass neurons with weak surround inhibition are strongly selective for stimulus duration and exhibit relatively sustained firing. A-C: examples of duration selectivity in 3 superior colliculus (SC) neurons. As the stimulus duration was increased from 50 ms to 1 s, the onset response of these durationsensitive (DS) neurons became stronger. In each neuron, the response to the shortest stimulus duration was Ͻ50% of the maximal response. D-F: discharge patterns in the same DS neurons shown in A-C. Unlike LP/I neurons, the response of DS neurons to stationary stimuli was relatively sustained. Solid line below each PSTH indicates the duration of the stimulus.
effect at any velocity in these neurons. Thus velocity selectivity in HP and BP neurons depended on inhibition arising before the stimulus enters the excitatory RF (forward masking) to reduce their responsiveness to slowly moving stimuli.
High-pass neurons are not selective for stimulus duration
In high-pass neurons, inhibition from the surround suppresses the responses to slowly moving stimuli. In the absence of surround stimulation, HP neurons respond similarly to all stimulus velocities, suggesting that they have poor stimulus duration selectivity. This suggestion was supported; all HP (14/14) neurons were only weakly selective for stimulus duration. Two representative HP neurons are shown in Fig. 11 . Increasing the stimulus duration from 100 ms to 1 s had no effect on their response magnitude (Fig. 11, A and C) , demonstrating that the responsiveness of these HP neurons to stationary, flashed stimuli is not dependent on the length of time a stimulus spends inside the RF. The temporal response characteristics of HP neurons to stationary, flashed stimuli were similar to those of LP/I neurons. The response to flashes was dominated by a phasic component, with little or no sustained component (Fig. 11, B and D) . An extreme FIG. 7. Summary of the contribution of surround inhibition and duration selectivity to low-pass velocity tuning in the SC. A: pooled data comparing the population of LP/I neurons to the population of duration-selective (DS) neurons show that their masking-induced changes in surround inhibition (*P Ͻ 0.05) exist primarily in the nasal surround. Difference in the strength of inhibition between the 2 LP classes at similar surround locations was significant at all NS locations (positive x-axis numbers). Difference was significant at only one TS location (negative x-axis numbers). B: when DS and LP/I neuron data are pooled, it is still the case that velocity tuning of the entire population of LP neurons was significantly affected (*P Ͻ 0.05) when the NS was masked, but not when the TS was masked. Significant effects of masking were observed at the 5 highest velocities used. C: stimulus duration selectivity curve of each neuron was normalized by the maximum response (usually the response to a 1-s flash). Mean (ϮSE) normalized stimulus duration selectivity curves of neurons with different velocity preferences show that the DS neuron category was most strongly selective for stimulus duration. Stimulus duration selectivity of LP/I neurons was weaker than that of DS neurons, primarily because of higher relative responses to the 100-and 200-ms stimuli (*P Ͻ 0.05). D: distribution of response duration after the onset of a 1-s stimulus duration, measured as the time interval between the first and the last action potential, was different between DS and LP/I neurons. FIG. 8. Direction-dependent differences in velocity tuning. Velocity selectivity in the nasal-to-temporal direction of stimulus movement was lower than that in the temporal-to-nasal direction of movement in the LP/I neurons (B), but not DS neurons (A). Data were normalized to the highest response level. example of this characteristic is shown in Fig. 11D . This HP neuron responded with a first spike latency of around 90 ms, and responded to both the onset and the offset of the flash. The response of this neuron typically consisted of only one or two precisely timed spikes at stimulus onset, followed by a longer response at offset. Thus surround inhibition reduces responsiveness to slowly moving stimuli, and strong responses to brief stimuli may explain the tuning to rapidly moving stimuli in HP neurons. FIG. 9 . Masking the temporal surround decreases selectivity of high-pass velocity tuned neurons. Two examples of high-pass neurons, illustrating their receptive field structure (A, C) and the effects of masking (B, D) on velocity tuning. In high-pass neurons, inhibition was present on both sides of the eRF. In contrast to low-pass neurons, masking the NS had no effect on velocity tuning. Masking the TS, however, revealed responses to low-velocity stimuli. Asterisks in A and C show locations where the amount of suppression was significantly different on one side of the RF center than on the other, as in Fig. 2 . Asterisks in B and D show significant effects of masking the temporal surround (*P Ͻ 0.05). FIG. 10. Masking the temporal surround decreases velocity selectivity of band-pass (BP) neurons. BP neurons were similar to high-pass neurons in that inhibition was present on both sides of the eRF (A, C), and masking the TS decreased tuning, revealing responses to slower stimuli (B, D) . For the neuron shown in B, masking the TS increased responsiveness to stimuli moving at 5 and 10°/s (*P Ͻ 0.05) without a significant effect on neural response levels to higher velocity stimuli. For the neuron shown in D, a significant effect of masking the TS was seen only at 5°/s. In both of these neurons, masking the NS had no significant effect. Asterisks in A and C show locations where the amount of suppression was significantly different on one side of the RF center than on the other, as in Figs. 3 and 9 .
Band-pass neurons are selective for stimulus duration
In band-pass neurons, surround inhibition reduced the responsiveness to slowly moving stimuli, but masking the surround did not influence the response to rapidly moving stimuli. We next investigated the mechanisms underlying the reduced responsiveness of BP neurons to fast stimuli. We found that most band-pass neurons (9/12), like the DS neurons, were sensitive to the duration of stationary, flashed stimuli. This suggests that the reduced response to rapidly moving stimuli in BP neurons may have resulted from duration sensitivity. As a population, BP neurons varied more in their temporal response characteristics than did DS, LP/I, or HP neurons. The two examples shown in Fig. 12 represent the extremes in stimulus duration sensitivity among the BP neurons recorded. As stimulus velocity deviated from the preferred velocity, the response level declined abruptly for slower velocities and more gradually for higher velocities (Fig. 12, A and D) . Although both neurons were sensitive to stimulus duration, their degree of selectivity differed (Fig. 12, B and E) . Band-pass neurons also displayed a wide range of response patterns (Fig. 12, C and F) . The neuron shown in Fig. 12C resembled DS neurons in its temporal response profile because of the tonic component to its response. The neuron shown in Fig. 12F , in contrast, responded phasically to stimulus onset and had a delayed, weaker, but consistent ON response. Despite the differences in stimulus duration selectivity and temporal response characteristics, neurons in this class exhibited similar velocity-tuning profiles, suggesting that a strong correlation may not exist between stimulus duration selectivity and the rate at which neuronal responses decrease with increasing velocity in BP neurons.
High-pass and band-pass neurons: population summary
In summary, in HP and BP neurons, strong inhibition was present on both sides of the eRF (Fig. 13, A and B) . In the HP neurons, there was no difference in the strength of inhibition produced with stimulation at similar distances from the center of the RF on the temporal or nasal surround. In the BP neurons, the strength of inhibition produced by the second spot was significantly weaker at 2.5°nasal from the center compared with the 2.5°temporal location. Because these SC neurons have RF diameters Ͼ5° (Huang and Pallas 2001; ; this study), this asymmetry was present within the RF, not the surround. It is unlikely to have contributed to the asymmetric effects of masking on velocity tuning because neurons with this asymmetry and those without it responded similarly to masking. For a stimulus moving in a temporonasal direction, inhibition arising from the temporal, but not the nasal, surround contributed to high-pass and band-pass velocity tuning (Fig. 13, C and D) . Masking the NS did not cause an increase in the response to nonpreferred velocities in HP or BP neurons.
HP neurons were similar to LP/I neurons, in that they were only weakly selective for stimulus duration, and their response to stationary, flashed stimuli was dominated by the phasic component. The normalized mean response of the population of HP neurons to the two shortest stimulus durations tested was within 70% of the response to the 1-s flash (Fig. 13E) . Response duration of HP neurons to the 1-s flash was as low as that seen in any other category of neurons (Fig. 13F) .
Band-pass neurons were highly selective for stimulus duration and their mean response duration to 1-s flashed stimuli was significantly (mean Ϯ SE: HP, 76.8 Ϯ 9.8 ms; BP, 193.7 Ϯ 64.9 ms; P Ͻ 0.05) more sustained than that in HP neurons (Fig. 13, E and F) . However, there was a higher degree of variability in the response patterns of BP neurons.
Nonselective neurons exhibit weak inhibitory surround and stimulus duration selectivity
Results from recordings of LP, HP, and BP neurons suggest that specific interactions with inhibition from the surround shape velocity tuning in the SC. The results thus predict that a lack of surround inhibition and poor stimulus duration selectivity would cause neurons to respond well at all velocities. This prediction was tested in the two neurons in our sample that could be classified as nonselective according to our criteria (see METHODS). Because velocity-insensitive neurons are rare in superficial SC, the sample size was necessarily small. Both of these neurons exhibited little inhibition in the surround and were insensitive to stimulus duration. The results from recordings of these two neurons support our contention that a lack of surround inhibition and poor stimulus duration selectivity should result in equal responsiveness to all stimulus velocities tested in this study.
Relationship between velocity-tuning profile, surround inhibition, and duration selectivity
A consistent observation in this study was that neurons with different velocity-tuning profiles exhibited characteristic combinations of surround inhibition and duration selectivity (Fig.  14) . To quantify this relationship, we calculated indices of inhibition strength and duration selectivity. We represented the strength of surround inhibition with a surround inhibition index (SII), calculated as SII ϭ 1 Ϫ ͑normalized response to the surround stimulus producing maximal suppression to a center stimulus)
The SII can vary from 0 to 1, with 0 indicating no suppression and 1 indicating complete suppression of the response to a stimulus in the center of the RF by a second stimulus in the surround. Theoretically, SII could be negative if all surround locations showed facilitation, but we did not observe negative SII values in this study. The strength of duration selectivity is represented by the duration selectivity index (DSI), calculated as DSI ϭ 1 Ϫ ͑response to 100-ms flash/response to 1-s flash͒
The DSI can vary from 0 to 1, with 0 indicating that the neuron exhibits no selectivity for stimulus duration and 1 indicating strong duration selectivity. Although the DSI could be a negative number if the response to a 100-ms-duration flash is greater than that to the longer flash, we never observed this.
As seen in surround inhibition and weak duration selectivity. The DS class of neurons exhibited little to no surround inhibition, but was strongly selective for stimulus duration. The BP neurons exhibited strong surround inhibition and duration selectivity. These results raise the possibility that the velocity-selective neurons constitute three distinct classes and are not continuously distributed with respect to surround inhibition and duration sensitivity, although anatomical description would be necessary to confirm whether this is the case.
D I S C U S S I O N
In this study, we sought to determine the contribution of surround inhibition to velocity tuning of SC neurons in anesthetized, decorticate hamsters. We report that surround inhibition was present and contributed to velocity tuning in 65% of the neurons. All neurons with asymmetric surrounds were more strongly inhibited when the second stimulus was on the nasal side of the RF. The vast majority of these neurons were tuned to slowly moving stimuli (termed LP/I). Moreover, in LP/I neurons, spatial asymmetries in the inhibitory surround contributed to velocity tuning. In these neurons inhibition that arises after the stimulus exits the excitatory RF (backward masking) reduced the response to rapidly moving stimuli, creating low-pass velocity tuning.
In neurons that preferred high-velocity stimulus motion (HP), inhibition was present on both sides of the RF. In these neurons, responses to slowly moving stimuli were suppressed by inhibition FIG. 13. Summary of neural mechanisms of velocity tuning in HP and BP neurons. A: HP neurons exhibited surround inhibition on both sides of the eRF. B: like HP neurons, BP neurons also exhibited surround inhibition on both sides of the eRF. C: despite the presence of inhibition on both sides of the eRF, the velocity tuning of HP neurons was affected only when the TS was masked. These results suggest that in HP neurons, inhibition from the TS reduces responses to slowly moving stimuli. D: BP neurons showed enhanced responses to slowly moving stimuli only when the temporal surround was masked. As in the HP neurons, masking had no effect on the response of BP neurons to rapidly moving stimuli. E: HP neurons were poorly selective for stimulus duration. Mean (ϮSE) magnitudes of the responses at all stimulus durations were within 70% of each other. BP neurons were weakly selective to stimulus duration. Mean (ϮSE) response to short-duration stimuli decreased to Ͻ50% of the maximum response level seen to long duration flashed stimuli. F: HP neurons responded phasically to a 1-s flash, whereas BP neurons exhibited a mixture of both long-and short-duration responses. FIG. 14. Neurons with different velocity tuning profiles differ in their surround inhibition and duration selectivity characteristics. Surround inhibition and duration sensitivity were quantified (see text). As defined here, the larger the duration selectivity index, the more selective the neuron is for flash duration; the larger the surround selectivity index, the more pronounced the inhibition. HP and LP/I neurons fell into a cluster characterized by low duration selectivity and strong surround inhibition. DS neurons had weak surround inhibition and high duration selectivity. BP neurons are duration tuned and show strong inhibition.
arising before the stimulus entered the excitatory RF (forward masking). Both LP/I and HP neurons exhibited poor duration selectivity, whereas most neurons without surround inhibition were duration selective, suggesting a correlation between the presence of surround inhibition and duration selectivity. In neurons tuned to intermediate velocities (BP), the failure to respond to slowly moving stimuli was attributed to a mechanism similar to that seen in the HP neurons (forward masking). The failure of BP neurons to respond to rapidly moving stimuli may result from a requirement for longer-duration stimuli.
Comparison of surround inhibition and velocity tuning with other species
The two main response properties examined in this study were surround inhibition and velocity selectivity. Surround inhibition in SC neurons has been best studied in cats. Dreher and Hoffman (1973) showed that in the cat SC, close to 72% of the neurons showed at least one inhibitory flank. This proportion is similar to the 65% reported here for the hamster SC. Interestingly, 5.3% of the neurons exhibited asymmetric surrounds, but the functional relevance of asymmetric flanks was not clear. McIlwain and Buser (1968) reported that only 55% of cat SC neurons showed inhibitory surround. However, because they used spots of increasing diameter to determine inhibition, it is not clear whether the results reflect only surround inhibition, or whether they are confounded by the size selectivity of SC neurons. Both of these cat studies showed that inhibition became progressively weaker with distance from the RF center. Dreher and Hoffman (1973) reported that at distances Ͼ15°from the center, inhibition is weak or absent. This is similar to observations in the hamster, in which surround inhibition is strong close to the edge of the excitatory RF and is weak for distances Ͼ20°from the RF center. In rhesus monkeys, a larger percentage of neurons (82%) exhibited surround inhibition (Wallace et al. 1997) . It remains unclear whether these are true species differences or are a result of the different stimulus and anesthesia paradigms used. Rizzolatti et al. (1974) reported the presence of a second type of suppression in SC neurons of cats using a stimulus paradigm similar to the one used in this study. Here, inhibition was observed even when the second stimulus was 60°away from the excitatory stimulus. Moreover, there was no reduction in inhibitory strength with distance from the RF center. It was suggested that there might be two different inhibitory subregions: one, which is strongest near the excitatory RF, and another that is uniform in strength Յ60°from the center. We did not observe a similar diversity of inhibitory surrounds in the hamster SC.
Velocity selectivity in rodents appears to be biased toward slowly moving stimuli. In hamsters with intact cortex, Stein and Dixon (1979) showed that most (nearly 75%) neurons prefer slowly moving stimuli (Ͻ20°/s). This is similar to our observations in the decorticate preparation (Pallas and Finlay 1989; . In the mouse, superficial SC neurons respond best to stimuli moved slowly through the RF (Drager and Hubel 1975) . In rats, Fukuda and Iwama (1978) showed that most superficial layer neurons responded poorly to velocities faster than 40°/s. In the cat, however, only 23% of neurons were selective for slowly moving stimuli (Dreher and Hoffman 1973) . The remaining neurons responded best to stimuli moving faster than 30°/s. This is similar to what has been observed in rhesus monkeys, in which fewer than 25% of neurons preferred slowly moving stimuli (Wallace et al. 1997) . It is not immediately obvious why rodents should prefer slowly moving stimuli, but given their noncarnivorous, nocturnal lifestyle it is perhaps not surprising.
Neural mechanisms of velocity tuning in the SC
The dependency of velocity tuning on the inhibitory surround can arise from spatial and/or temporal differences in activation of excitatory and inhibitory inputs with stimuli moving at different velocities. For example, a slowly moving stimulus remains in both the excitatory and the inhibitory parts of the RF for a longer time period and a rapidly moving stimulus is present for a shorter time. Although the duration of excitatory and inhibitory postsynaptic potentials cannot be ascertained from our extracellular recordings, the stimulus velocity that generates the least amount of overlap between the arrival of excitatory and inhibitory inputs on an SC neuron will obviously generate the largest response, and the stimulus velocity that generates the most overlap would produce the smallest response (Fig. 15) . In LP neurons, occluding the nasal surround allowed the neuron to respond to rapidly moving stimuli, suggesting that inhibition from the nasal surround normally arrives in time to prevent or reduce the response to high-velocity stimuli (Fig. 15A) . Such backward inhibition could occur if the latency of response to inhibitory input (L I ) is shorter than the latency of response to the excitatory input (L E ). For slowly moving stimuli, however, the stimulus stays in the eRF long enough for excitation to occur before inhibition. These properties together could give rise to a preference for slowly moving stimuli.
In HP/BP neurons, occluding the temporal surround revealed a response to low-velocity stimuli not seen in the unoccluded condition (Fig. 15B) . If L I is longer than L E , a temporonasally directed, slowly moving stimulus would spend sufficient time in the temporal inhibitory surround for inhibition to arrive simultaneously with or even before excitation (forward inhibition), resulting in a poor response. Occluding the TS would therefore produce an enhanced response. A high-velocity stimulus spends less time in the temporal surround before causing excitation, resulting in the late arrival of inhibition and leaving the excitatory response nearly intact.
A potential anatomical substrate for our proposed model of velocity tuning may lay in the interactions between W-type and Y-type retinal ganglion cell (RGC) inputs (Bhide and Frost 1991; Waleszczyk et al. 1999; Wang et al. 2001) . The W-type RGCs described in rodents are typically tuned to slowly moving stimuli and have lower conduction velocities (King and Johnson 1985; Mooney and Rhoades 1990; Rhoades and Chalupa 1979) . On the other hand, the Y-type RGCs respond well to rapidly moving stimuli, have faster conduction velocities, and typically exhibit an inhibitory surround (Mooney and Rhoades 1990) . Inhibition from a neuron receiving excitatory input from a Y-type RGC onto a neuron receiving excitation from a W-type RGC may arrive earlier and result in low-pass tuning through forward masking. Inhibition from a neuron receiving excitatory input from a W-type RGC onto a neuron receiving excitation from a Y-type RGC may arrive later and suppress responses to slowly moving stimuli, creating highpass and band-pass tuning through backward masking.
Inhibition of the responses to visual stimuli was observed when a second spot of light was swept simultaneously within the excitatory RF of some neurons (e.g., Fig. 2C ). It has been suggested that the interactions between inhibition and excitation within the RF contribute to stimulus size tuning in the superior colliculus (Stein and Dixon 1979) . It is also possible that these interactions play a role in velocity tuning. Our masking paradigm does not allow us to block within-eRF inhibition. Pharmacological blockade of inhibitory receptors in the SC is currently being used in our laboratory to determine whether inhibition within the eRF contributes to velocity tuning (V Khoryevin, KA Razak, and SL Pallas, unpublished observations) . Additionally, blockade of inhibition within the SC will address whether the surround inhibition that contributes to velocity tuning arises within the SC or from another source, such as the retinal circuitry.
Role of inhibition in stimulus velocity tuning in the visual system
The possibility that backward masking (retroactive inhibition) contributes to velocity tuning was first proposed by FIG. 15. Proposed model of the spatiotemporal interactions that could underlie velocity selectivity in the SC. Differences in the latency of excitatory (L E : solid arrow) and inhibitory (L I : dotted arrow) inputs, in combination with the differences in time spent in the excitatory (gray box) and inhibitory (white box) RF by stimuli moving at different velocities predicts the observed results. Vertical lines in the 3rd row of each section of the figure each illustrate a single action potential. Trapezoids in the 2nd row of each section illustrate postsynaptic potentials (gray: excitatory; white: inhibitory). See DISCUSSION for details. Inhibition-based mechanisms of LP tuning are proposed only for the LP/I neurons because the DS neurons did not require surround inhibition for velocity tuning. Gray rectangle: excitatory RF; white rectangle: inhibitory surround; gray trapezoid: excitatory response; white trapezoid: inhibitory response. Goodwin and Henry (1978) for neurons in primary visual cortex. The suggestion that inhibition plays a role in velocity tuning was supported by iontophoretic blockade of GABA A receptors (Patel and Sillito 1978) . Duysens et al. (1985a,b) , however, questioned the relative importance of inhibition in sculpting velocity tuning in the cat visual cortex and lateral geniculate nucleus. In that study, only 25% of visual cortical neurons were affected by masking different parts of the RF. Our study suggests that the differences observed between the previous cortical studies and our SC study could result from a difference in proportion or sampling of neurons with strong or weak inhibitory subregions in their RFs. Cortical high-pass tuning arises from two different mechanisms. First, facilitatory interactions within the excitatory RF give rise to selectivity for rapidly moving stimuli (Duysens et al. 1985) . Second, temporal factors play a critical role. For example, neurons that respond well to stationary flashes of short duration also respond well to rapidly moving stimuli, whereas neurons that require a long-duration flash respond only to slowly moving stimuli (Duysens et al. 1985) . Unlike cortical HP neurons, Ͼ75% of the HP neurons in the SC depended strongly on inhibition to shape velocity tuning. These findings suggest that facilitation, duration selectivity, or inhibition can underlie stimulus velocity tuning, and the dependency on inhibition likely varies with visual processing region and with velocity preference.
Construction of complex receptive field properties in the visual system
In the visual cortex, the relative contribution of feed-forward afferent summation and intrinsic inhibitory circuits to the construction of response properties is a topic of considerable interest. Although experimental manipulation of intrinsic inhibitory circuitry has been instructive in developing models of stimulus tuning, manipulating feed-forward connections to determine the precise role of afferent convergence has not been possible. The hamster retinocollicular pathway facilitates experimental manipulation of both feed-forward convergence and inhibitory circuitry. Because hamster retinocollicular connections form after birth, and convergence of the proper number and visual field extent of afferents is dependent on NMDA receptors, chronically blocking NMDA receptors during postnatal development increases the convergence of retinal axons on SC neurons (Huang and Pallas 2001; . Moreover, partial lesion of the caudal SC combined with NMDA receptor blockade more than doubles the visual field extent of afferent inputs from the retina onto single SC neurons (Huang and Pallas 2001) . We have previously shown that this experimental increase in afferent convergence has no effect on velocity tuning . Taken together with the present study, these results suggest that velocity tuning in the SC is more dependent on intrinsic inhibitory circuits than on summation of a precise number of feed-forward inputs.
One striking observation from the current study is the high degree of covariance between temporal response properties and inhibitory surround properties. Most neurons with weak surround inhibition exhibited relatively tonic responses (DS neurons), whereas most neurons with strong surround inhibition exhibited phasic responses and weak stimulus duration selectivity (LP/I and HP neurons), with BP neurons representing an intermediate category. The mechanisms that generate such specificity are unclear. The fact that experimentally increasing afferent convergence fails to alter stimulus velocity tuning of SC neurons suggests that the mechanism for maintaining tuning specificity is present at a very early age and does not depend on NMDA receptor activity. This would be advantageous from a developmental perspective because during this stage in normal animals, the precise number of afferent inputs is undergoing considerable refinement. We would predict that the independence of stimulus velocity selectivity and the number of retinocollicular afferents could provide a mechanism that permits developmental or evolutionary changes in sensory circuitry, whereas other essential response properties are maintained.
In conclusion, inhibition from the surround is necessary for creating the stimulus velocity tuning seen in 65% of SC neurons. Taken together with our previous finding that increasing the convergence of retinal inputs on SC neurons has no effect on their velocity tuning , the results of this paper suggest a model for mechanisms of velocity tuning that depends more on inhibition than afferent convergence. There is considerable evidence that the plasticity of inhibitory inputs underlies developmental or injury-induced regulation of properties such as single-neuron response magnitude (Turrigiano 1999). It may now be possible to address the relative extent to which excitatory and inhibitory circuitry are influenced by postnatal experience in the context of circuits underlying complex response properties.
